The effect of experimental protein malnutrition on growth, brain tissue weight and lipid composition was studied in male Wistar rats fed isoenergetic diets containing 22% (C-22) or 6% protein (PD-6) from 60 days until 240 days of age. At 240 days of age the mean weight of PD-6 rats was 63% that of control rats. Protein mal nutrition initiated at 60 days of age affected lipid composition by 240 days of age. The total content of phospholipids and the phosphatidylethanolamine, phosphatidylcholine, phosphatidylserine and phosphatidylinositol fractions were not significantly changed in rats ingesting the PD-6 diet, but phosphatidylglycerol and sphingophospholipid fractions were significantly decreased in the brains of PD-6 rats. Such a diet did not cause a statistically significant decrease of the total amount of monogalactosyl glycolipid or of most investigated fractions (cerebrosides with hydroxy fatty acids, sulfoglycolipids and monogalactosyldiacylglycerols), except for cerebrosides with nonhydroxy fatty acids. Long-term, low protein intake did not cause a significant decrease in the total ganglioside content, but had an effect on the composition of single investigated ganglioside fractions (GMI,GDI., GDlband GTU). J. Nutr. 113: 899-904, 1983. 
Experimental studies of the effects of pro tein malnutrition on the brain have been fo cused on the prenatal and early postnatal period (1-7) when a dramatic response can be anticipated. On the other hand, in the case of older but still growing animals protein malnutrition has little effect on continuing brain myelination: evidence for a mechanism protecting the mature brain from nutritional insult. Nevertheless, a more detailed study of brain lipids demonstrated that protein malnutrition did affect the total amounts of lipid, even though the process of myelination proceeds during this period (8) . It has also been shown that protein malnutrition after weaning causes a deficit in brain lipid content that is completely restored by adequate nu trition (9) . Prolonged malnutrition in the mature rat has no significant effect on brain weight, or brain protein and nucleic acid lev els (10) .
Another class of lipids, which is not related to myelination but which shows a consider able increase during development, is the gangliosides. The studies of Merat and Dickerson (11, 12) have shown that malnutrition during gestation and lactation reduces ganglioside levels in all brain regions by the latter stages of the suckling period. The brains of 17-dayold rats showed elevated levels of enzymes involved in ganglioside synthesis (12) , indi cating a delay in the development of activity, which normally occurs with maturation. The present study was undertaken to de termine the effects of chronic experimental protein malnutrition initiated in 60-day-old rats, when the size of the brain slowly in creases and brain weight is near a plateau. After this a continued slight increase is ob served throughout the life of rats. The aim was to determine at 240 days the effect of this nutritional regimen on the brain lipid complement (phospholipids, monogalactosyl glycolipids and gangliosides), and their frac tions.
MATERIALS AND METHODS
Sixty-day-old male Wistar rats (Institute colony, Vinca, Yugoslavia) were housed in separate cages, in a temperature-controlled room (19 Â±1Â°) with a 12-hour light-dark cy cle and free access to water. All animals were matched for initial body weight and were weighed at weekly intervals thereafter. Con trol rats were fed a 22% protein diet (C-22) and protein-deprived rats a 6% protein diet (PD-6). The rats had free access to water and food from 60 days until 240 days of age. The two diets were isoenergetic and complete with respect to carbohydrate, fat, vitamin and mineral content (table 1) .
At 240 days of age the rats were killed, their brains removed, weighed and lyophilized (5 X 10~2 torr) in a GT-2 freeze drier (Leybold-Heraeus GmbH, and Co., Cologne; West Germany) to constant weight. Dry brain tissue was homogenized at 1500 X g for 10 minutes in a Potter-Elvehjem homogenizer (Potter S, Braun, Melsungen, West Germany), in 20 volumes of chloroform:methanol (1:2 vol/vol) with 5% water.
Lipids were extracted with chloroform: methanol (2:1 vol/vol) and washed, accord ing to the methods of Folch-Pi et al. (13, 14) .
Phospholipids were separated by thin-layer chromatography (TLC) into seven fractions [phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylglycerols (PGs), diphosphatidylglycerols (DPGs), sphingophospholipids (SPLs) and phosphatidylinositol (PI)] accord ing to a two-dimensional TLC system: 1) chloroform:methanol:20% ammonia, 65:25:5 (by vol); 2) chloroform:acetone:methanol: acetic acid:water, 75:17.5:12.5:10:4.4 (by vol); as described by Kostic et al. (15) .
A cerebroside fraction was isolated from these lipids according to the method of Neskovic et al. (16) . The lipid extract was dis solved in 5 ml of chloroform and applied to a column (10 X 1 cm) of Fluorisil (Serva, 60-100 mesh, D-6900, Heidelberg, West Ger many). Monogalactosyl glycolipids were sep- arated by TLC (16) . The content of glycolipid-galactose in the original extract and in these fractions was determined by the orcinol-sulfuric reaction (16) . The recovery of the separated fractions was 98 Â± 2% of the total material applied to the TLC plates.
Total gangliosides were extracted accord ing to Harth et al. (17) and total gangliosideNeuA/Ac (N-acetylneuraminic acid) deter mined by Svennerholm's (18) resorcinol method, as modified by Miettinen and TakkiLuukkainen (19) . For the ganglioside sepa ration we applied monodimensional ascend ing chromatography, carried out Silica H (Kieselgel H, Type 60, Merck, Co., Darmstandt, West Germany) plates (20 X 25 cm) according to the method of Harth et al. (17) in three different solvent systems used suc cessively: 1) chloroform to the top; 2) chloroform:methanol:water, 70:30:4 (by vol); 3) chloroform:methanol:0.25% KC1, 60:35:8 (by vol). Gangliosides were made visible by ex posure to iodine vapor. Ganglioside-NeuNAc in the fractions obtained by TLC was quan tified by determination by the resorcinol re action as described in the method mentioned above.
The data were analyzed using Student's itest (20) .
RESULTS
Casual observations of the rats made throughout the study revealed that the over all growth of the protein-malnourished rats differed from controls. Body weights of the rats at the beginning of the study (initial) and after 180 days of receiving the low protein test diet (final) are shown in table 2. The control rats underwent a twofold increase in body weight by 240 days of age. The body weights of the PD-6 rats increased by only 17% during the same period.
During the study we observed that the average food intake per rat in the control group remained relatively constant, namely, approximately 20-25 g per day. In PD-6-fed rats the daily food intake stabilized at a slightly lower level of approximately 17-19 g per day. When dietary intake was ex pressed relative to body weight it be came apparent that significantly more food was consumed by the deprived animals (P < 0.01).
The wet weight and dry weight of the brain tissue was markedly reduced (P < 0.005) in the brains of malnourished rats (table 3) . 1Data are presented as means Â± SEM. The number of animals in each group is in parentheses. 2Significantly different from control: " P < 0.01. z Significantly different from the value for initial brain wt: " P < 0.005; b P < 0.001. 3 Significantly different from the value for control (C-22) brain wt: c P < 0.005.
Phosphorus concentrations in brain lipid of the PD-6 group determined after 180 days of treatment (table 4) were decreased by ap proximately 3 pmol/g brain tissue, but this difference was not statistically significant. There were no significant differences be tween the groups among the most investi gated phospholipid fractions. Mean phospho rus concentrations in brain lipid in the frac tions of PE, PC, PS and PI were decreased slightly in the PD-6 group. Moreover, lipid phosphorus concentrations of the PG and SPL fractions were significantly lower (P < 0.001). However, the phosphorus level in the DPG fraction was significantly higher (F < 0.001) in the PD-6 animals at 240 days of age. The galactose content in the total and monogalactosyl glycolipid fractions of the brain (table 5) followed trends similar to those noted in the phosphorus content of phospholipids. The galactolipid level at 60 days was about 23 /zmol/g brain tissue, and at 240 days the amount of galactose had re mained at the initial value. Table 5 presents the galactose content in the four investigated monogalactosyl glycolipid fractions. There was a small but significant difference (P < 0.005) in the galactolipid content in the cerebrosides with nonhydroxy fatty acids (NFA-CR) in the brain of PD-6 rats.
There were no significant differences ei ther in total brain ganglioside content (table 6) or in some of the investigated ganglioside fractions. In the brains of PD-6 rats a marked decrease of trisialoganglioside GTU (P < 0.005) was found, accompanied by in creased amounts of monosialoganglioside CM1 and the disialogangliosides GDU and GD]b (P < 0.001; P < 0.005).
DISCUSSION
The results of this study indicate that pro tein malnutrition imposed at 60 days of age 1Results are expressed as the percentage of total ganglioside-NeuNAc recovered.
2 C-22, 22% protein diet; PD-6, 6% protein diet.
3 Means Â± SEM; n = 6. 4 Statistical significance between groups: a P <0.001; bP< 0.005. produces a reduction of body and brain tissue growth. Body weight was markedly reduced in the chronically protein-malnourished an imals. This apparent link between brain weight deficit and a relative failure in body weight gain is in agreement with the obser vation of Forbes et al. (21) that the adult malnourished rat is like a younger, lighter normal rat with respect to brain growth, i.e., brain growth is proportionately retarded.
The major interest in protein malnutrition and its effects on the brain phospholipids con tent has been focused on the prenatal and early postnatal period (22, 23) . Maturation of brain is also associated with alterations in lipid constituents (cholesterol, phospholipid, galactolipid and proteolipid) of miniature swine (24) . Unlike these studies, the present study was undertaken to determine the ef fects of protein malnutrition imposed on rats during adulthood on brain lipid content. Al though the number of lipid fractions affected is relatively small, the observations are of in terest. The results of this study indicate that the levels of total phospholipids and most of their fractions in PD-6 rat brain are lower than those that occur in control animals. However, the deficiency of protein in PD-6 rats was associated with a significantly dif ferent level of lipid phosphorus in PG, SPL and DPG fractions. The lack of difference in total phosphorus concentration in lipid in dicates that concentrations are closely regu lated during the period covered by these in vestigations and that dietary intake, biosynthetic rates and elimination mutually interact to achieve this regulation. This in turn, sug gests that maintenance of this level has some functional significance that is difficult to ex plain in our experimental conditions. Thus, although phospholipids are present in all membranes of the brain, little can be said (25) about their specific functional roles.
In the case of the older but still growing animal, malnutrition has little effect on con tinuing brain myelination (8) , thus providing evidence of the development of a mechanism protecting the mature brain from nutritional insult. Culley and Mertz (26) found that, whereas the smaller brains of malnourished rats had less lipid of all classes at weaning, cholesterol and cerebrosides showed rela tively greater deficits. Sulfatides are fairly specific constituents of myelin (27) . The de tailed chemical study by Chase et al. (28) suggests that the process of myelination pro ceeds during a period of malnutrition, but that the magnitude of the deposition is af fected. The brains of rats fed PD-6 in the period of maturation, showed a deficit in brain galactolipid content at 240 days of age. Low protein intakes significantly reduced the content of lipid galactose in brain cerebro sides with nonhydroxy fatty acid fractions (cerebrosides with nervonic fatty acid were estimated). The mechanism by which the synthesis of nervonic acid in cerebrosides may be affected is a reduction in the activity of some of the enzymes involved in cerebroside synthesis.
Brain ganglioside concentration (measured as lipid-NeuÃ'Ac during adulthood) was found to be depressed on day 240 of age, by the consumption of a protein-deficient diet. It appears that the synthesis of only the GTu ganglioside fraction was reduced, since the total amount of brain gangliosides originat ing in the brain was only slightly and not significantly decreased. The brain monosialoganglioside GM1fraction (which is one of the major fractions in myelin) the disialoganglioside GDU (a structural element in cell membranes:
especially in microsomes and synaptosomes) and GDib (the major fraction in microsomes) (29) , were greatly increased after 180 days of protein malnutrition as compared to the control group. It seems that the level of these gangliosides during mal nutrition appears to be controlled by a bal ance between synthesis and breakdown, with the regulation of this balance on the catabolic side.
The effect of severe undernutrition in in fancy (30) is to proportionally retard protein and lipid synthesis. The reduction of the lipid:DNA ratio, which is seen during the second year of life, suggests the possibility that the reduced cell size may be accompa nied by a reduction in the metabolic pro cesses of the cell. Thus, we might speculate that the reduced rate of protein synthesis (31) that has been shown to occur in brain of both adult and infant animals (32) is the primary event that secondarily reduces enzymes, nec essary for synthesis of the investigated lipids and DNA synthesis.
In conclusion, there is abundant evidence, that some investigated phospholipid (PC, DPG and SPL), monogalactosyl glycolipid (NFA-CR) and ganglioside (GMi, GDla, GD|b and GTla) fractions of rat brain are changed as a result of protein deprivation. The mech anism for these changes, as well as their func tional significance, is as yet unknown. Ob viously, further work is needed to establish the characteristics and metabolic function.
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